The need to reduce emissions that pollute the environment has been well documented. In many studies agriculture has been identified as one of the major contributors to environmental contamination. In this paper we discuss anaerobic digesters as a way to reduce agricultural contamination of the environment and generate electrical energy. We also discuss select cases of Midwestern farms that implemented the technology.
INTRODUCTION
here are several technologies to produce energy while significantly reducing or eliminating greenhouse gas emissions. These technologies include solar, wind, geothermal, bio fuel, tidal, and nuclear power. This paper focuses on bio fuel, and more specifically, on using methane emitted from cow manure to generate heat and electrical energy. In the Midwestern United States anaerobic digesters have been used for many years but for economic and political reasons, their use has been limited to large farms with herd sizes of well over 1,000. Due to recent technological progress anaerobic digesters are now being successfully used in midsized farms of 500 cows. Economic feasibility of these new technologies is also being examined at test at facilities with even smaller herd sizes.
Factors influencing the decision to install anaerobic digesters include a decrease of energy costs, reduction of odor problems, and manure handling improvements. An electric company will typically buy excess energy produced from the digester's generator. This helps offset the significant costs involved with installation and operation of the digester making the venture more profitable over its life cycle. The technology used in anaerobic digesters has been in operation for many years by municipalities that have utilized this method for managing some of their waste. However, the escalating energy costs and digester process improvements have enticed farms to consider the option in recent years. Emphasis on environmental protection combined with the implementation of public policies encouraging the deployment of "green" technologies has stimulated interest in methane digestion. Figure 1 outlines the basic stages in waste utilization process the important in modern farming operations. Consider waste collected from the livestock. This input is often blended with water to create a liquid suspension that flows to the next process stage. Here the digestion process takes place producing methane gas which is captured for further processing. The material used in the digester is moved into a separator to create a liquid that can be used for fertilizer, and the solid compound having many potential uses including bedding, mulch, and soil additive. Waste collected from the livestock may also contain natural bedding such as shredded newspaper, or wood shavings. Anaerobic digestion helps to improve the quality of fertilizer produced. Solid waste decomposes during this process because of the fermentation process of organic matter that also allows the nitrogen to break down into simpler forms making it easier for plants to absorb and utilize. The microorganisms that break down livestock waste produce methane that is captured for further processing. captured and converted to electricity for internal use on a farm, with excess sold to energy companies. Thermal energy that is generated can be used to boil water to use to heat areas near the digester, and also for use in operation around the farm where hot or warm water is needed. Methane gas production occurs in a three step process: (1) diluting the waste matter, (2) producing acid, and (3) producing methane (Hansen, 2007) . By diluting the manure, the solids are broken down into smaller particles that can be more efficiently used by the organisms used in decomposition. These organisms process the organic matter, ferment the mixture, and produce methane, which is clear, tasteless, and odorless gas. It is lighter than air, and is generally non-toxic to breathe (unless the concentration of it is so high that there is not enough oxygen in the air to support life). Like many industrial process gases, methane is considered a greenhouse gas, which remains in the atmosphere for as many as 15 years before decomposing (Anonymous, 2009).
Figure 1. Steps involved in anaerobic digestion process on farms
Methane is second only to carbon dioxide for its negative impact on climate. The rising level of methane in the atmosphere has been caused by numerous factors, including the increase of human and livestock populations. However, the process of capturing and burning methane releases less carbon dioxide into the air, and produces more energy than many of the other fuels. Pure methane concentration generated in digesters is between 50 -70 percent. Comparing the calorific value of methane to gasoline, the octane rating of regular gas in the United States is between 87 and 93 while methane has an octane rating of between 120 and 130. From a business perspective this has made utilization of organic waste a viable alternative to fossil fuels (Sullivan, 2007) and (Gross, 2002 ). Yet, the number of operating digesters in the United States is very small. Temperature plays an important role in methane production. The bacteria are most active in two temperature ranges, 35 to 40.6 degrees Celsius and 54.4 to 57.2 degrees Celsius (Farms, 2001) . In order to maintain these temperatures some digesters have water pipes that run through the device. Once methane gas has been produced and captured, it is channelled to the generator to produce electricity. Excess gas is burned off to heat/boil water to maintain the required digester operating temperature range as well as to heat the buildings surrounding the digester operation.
The most common types of digesters include covered lagoons, complete mix, and plug-flow. The covered lagoon digester contains a membrane spanning the entire lagoon where liquid slurry of manure is stored. The targeted percentage of solids is only around 2 percent. Because this type of digester is normally not heated, this system works best in climates that stay warm year round. The complete mix digester handles a mixture of up to 10 percent solid waste. Dairy or swine manure flushed into this system is common. The tanks are heated and can be built above or below the ground. To maintain optimal methane production the liquid suspension is continuously agitated to keep the solids from settling. The plug flow digester operates with slurry containing 11 to 14 percent solids. Lower concentrations of solids are not desired for this system because they settle out to the bottom of the tank. With few moving parts, this system has minimal maintenance and operating costs.
A very promising and newer type digester is the temperature-phased anaerobic digestion (TPAD) system developed in Iowa. This system operates in two stages, one at the higher active temperature range (57.2 degrees Celsius), and the second at the lower range (35 degrees Celsius). The system can use manures with lower solid concentrations, such as the product from dairy and swine operations. Because of its relative novelty, data available for this application is very limited. The advantages of this system appear promising, but further research and testing needs to be performed to determine technological and economic feasibility.
A covered lagoon digester, shown in Figure 2 , is built with a large hole or pit. Constructed with wither soil, or concrete walls it is the least expensive of the main digester types. It is very simple in design and its influent and effluent locations are on the sides of the pit. Some of the covered lagoon type digesters contain auxiliary pumps to remove excess effluent creating proper flow and reduce clogging. The covering over the lagoon is typically a durable canvas, but in some cases a concrete lid may be fashioned and sealed. The biogas effluent containing methane is also removed from the tank and sent to a storage vessel. The lagoon tank could be used to manage 700 head of cattle and hold a day's quantity of influent for approximately 15 days (Office of Air and Radiation, EPA, 2002).
Figure 2. The covered lagoon digester
The complete mix digester, shown in Figure 3 , utilizes a large tank with a mixing apparatus to eliminate slurry separation. A set of mechanical arms continually rotating to ensure proper mixture are most often used to allow maximum methane production. Some complete mix tanks are agitated by injecting gas. The captured methane is blown into the tank to mix the influent. One example of the complete mix digester implementation is on a poultry farm where 70,000 birds produced the influent, which was stored in the tank. The tank capacity was 587 m 3 , while the entire system produced 470 m 3 of biogas daily. The effluent was removed from the tank after approximately 22 to 24 days (Sullivan, 2007) .
Figure 3. The complete mix digester
The plug flow digester, shown in Figure 4 , utilizes the force generated from the influent being deposited into the tank to move the materials through the system. In such a system the gas is collected and moved into the storage tank prior to utilization, and the effluent discharge is collected and processed further, or stored until further disposition.
Figure 4. The plug flow digester
The percentage of solids in the slurry mixture is very important for effective digester operation. Operations that require water to flush manure to storage are not ideal for some types of anaerobic digestion. Excessive amount of water not only dilutes the mixture but also slows down the digestion process making methane production inefficient. Bedding used in some operations can be mixed with the manure. Newspapers digest easily, and can increase the production of methane, while bedding containing sand is not compatible with digesters because sand settles down quickly and clogs the system. The manure and liquid are stored together in the digester. As the digestion process is completed, separation allows the liquid to be used as fertilizer, and the solid to be dried and stored for multiple uses. Farms often reuse dried solids for additives to the bedding in the barn (Discover Wisconsin, 2009).
Anaerobic digesters are designed to treat manure, reduce odor, and capture methane. The time required to process the manure varies depending on the type and size of the digester, the amount of input (influent) produced daily, and the extraction of final output (effluent). Some digesters have a pre-mix tank that ensures the influent is homogenous. This process helps to ensure that the maximum amount of biogas is produced. Once the mixture enters the digestion tank the methane gas is produced is captured. With a system like the plug-flow method, the influent is moved through the tank when the newest batch is allowed to enter. Each batch tends to stick together forming the "plug" which helps maximize the time each portion stays in the digestion tank. In the Midwest, moat digestion tanks are monitored to maintain proper temperature. The temperature of 35 degrees Celsius, which is the most common setting, is maintained by the water piping that runs through the tank. Water is heated in a boiler using some of the captured methane. When the plug reached the far end of the tank it is removed and in many cases the matter is transferred into a separation tank. The liquid portion of the effluent is collected and used for fertilization, and the dry portion is stored where some can be used on the farm while the excess is sold. Pure methane (with no water content) is burned to generate electricity or hot water for other applications or for sale to the utility company. Figure 5 shows the location of several farm anaerobic digester sites examined in this study with regard to the disposition of manure and generation of methane.
Figure 5. The locations of the anaerobic digesters
The information collected for this study comes from site visits and from outcomes of a study by (Kramer, 2004) . Table 1 shows the details of anaerobic digesters included in the study. The subtype of each digestion system is listed with the targeted ranges for solids, the temperature of the manure, and the hydraulic residence time (HRT). The HRT is the amount of time the manure spends in the digester before it is removed.
A total of 26 digesters were studied at 18 locations. The total number of cows was 31,150. The total number of digesters installed was 26. The average herd size was 1,198. The head per tank ranged from 675 to 2,400. The farms that have been marked as retired or idle in Figure 5 contain digesters that were not in use at the time the research was conducted. Two idle digesters either recently changed owners or were not being used due to a lack of knowhow or due to the farm with the digester installation being in the sale process. Three retired digesters either developed mechanical and structural problems that were too expensive to fix or the farm operations have changed their production profiles reducing manure production below the required minimum level of input required by the digester (Kramer, 2004 ). The device operational temperature ranges are referred to as mesophilic. The range for mesophilic digestion is 35 to 40.5 degrees Celsius and 54.4 to 57.2 degrees Celsius is referred to as thermophillic digestion. The mean HRT for dairy manure is 20 days. Although shorter HRT times have been used, it is more desirable to maximize methane production and build tanks large enough to achieve around 20 days of digestion. All of the systems studied have been operated continuously to allow for constant flow of manure loads through the system. Batch fed systems have also been studied but it was found that load and digestion times tie up the tanks for too long. In such systems secondary tanks for holding waste were necessary prior to digestion and with poor mixing conditions, the efficiency of batch fed digesters fell far below that of continuous feed systems (Department for Environment, Food and Rural Affairs, 2005).
A NEW HORIZONS DAIRY CASE STUDY
The New Horizons Dairy from Elmwood, Illinois is used as an illustrative case study. At the time of this study the New Horizons Dairy had around 1,100 cows and a total heard of 1,400. The total daily manure production from this herd was approximately 144 m 3 . The manure was input daily into the system where it is mixed with two loader buckets of other wastes including haylage, cooking grease, and other crop wastes to improve overall biogas output. The percentage of solid matter in the digester was approximately 15 percent.
The operation had two operational plug-flow anaerobic digesters with target temperatures of 40.6 degrees Celsius. The systems were designed to hold wastes for 20 days, but current operations allow the manure to digest for a little over 21 days. The solid percentage of 15 percent is a little above targeted amounts, and some of the increased amounts are on account of the rice hulls being supplemented for bedding. Below is a picture of these digesters. They are the parallel objects in the right half of the picture. They are mostly underground with about 0.30m -0.48m of the digester wall above ground. The operational data that is summarized in Table 2 was collected over a period of 1 year.
Table 2. The data and operational characteristics of the New Horizons Dairy Figure 6. Plug-flow digesters and twin generators at New Horizons dairy
The digesters were designed to operate with a capacity of 2,000 head. New Horizons Dairy was operating with 1,400 head which explained why the HRT timing was over 21 days. Management at New Horizons have been increasing their number of milking cows, but couldn't be reached for an updated interview. Each of the digesters were designed and constructed to hold about 1,514 m 3 of material. The digesters measure 24.4m wide, 33.5m long and are 3m deep ( Figure 6 ).
The dual engine room at New Horizons includes Caterpillar engines each with a capacity to generate 130 KWh of electricity. With the herd size lower than planned, the current output of the engines are 74 KWh and 100 KWh for a combined output of 174 KWh, 86 KWh less than capacity. The farm reported that the digester system had been in operation 100 percent of the time for the year it was being studied, with at least one engine running 99 percent of the time and both engines running about 71 percent of the time. Down time is required for regular maintenance and routine checkups. The owners of New Horizons Dairy are happy with the system, and the only change they would have done was to locate the generators closer to the digester. Estimations during the year of the study show that about 521.5 tons of methane or the equivalent of 10,430 tons of carbon dioxide were captured and utilized in the process. The New Horizons Dairy plans to reach their digester capacity of 1,600 head. During the 12 months they were monitored, they estimate to have produced 1.5 million kWh of electricity.
THE COST OF IMPLEMENTING A DIGESTER SYSTEM
We compare multiple set up costs, evaluate how different systems fluctuate with power generation, and analyze the costs per cow to evaluate financial feasibility of a digester. The cost analysis was conducted based on data obtained from operations shown in Table 3 .
Location
Total 
Costs to get the digesters operational by location
The average herd size was slightly above the 1,000 head mark. The average cost to build a system was $374,294, or $410.67 per animal. According to the EPA's AgStar program the average costs for heated anaerobic digesters should range between $200-400 (Office of Air and Radiation, EPA, 2002). These costs include only device set up and installation. We note that maintenance and variable operation costs over the device lifetime should also be considered to evaluate the device economic performance. A case can be made for more government grants available to reduce the venture risks and to encourage broader technology deployment particularly in small and medium size farms.
Energy production plays a significant role when performing a feasibility study. Table 4 shows numerous utility agencies that offer programs that will purchase the energy that is not needed on farm and diverted into the power grid. The price premium paid varies between $.01 per kWh to $.035 per kWh depending on farm location. The power output from the biogas generators fluctuates from day to day. Methane production rate is not constant and manure temperature and solid concentration play an important role in the amount of methane collected from the system. Hence, dairy operations contract with utility companies to ensure consistent sales of energy derived from farm waste utilization.
The third column in Table 4 demonstrates that the utility companies utilize multiple sources to develop and sustain their eco-friendly image. Since energy utilities are heavily regulated they are required to comply with more stringent minimum standards regarding the percentage of their operations originating from alternative and environmentally friendly sources. 
RESULTS AND DISCUSSION
Three dairy farms studied made available detailed performance data. They produce 1,194 kWh of electricity annually per cow that contributes to the digestion process. With the increasing cost of electrical energy they have the potential to be profitable particularly for large herd size that utilizes economies of scale. With the increased pressure/requirement placed on electric companies to buy alternative energy, anaerobic digestion systems may prove to be a sound way for dairy operations to diversify their revenue streams and to reduce costs or their primary operations. For example, the New Horizons dairy has operated with a herd size of 1,400 with 1,100 cows contributing to the system. The contribution rate of 80 percent is typical for farms of this size. Table 5 . Performance data for the selected farms Table 6 . Operational benefits o fusing anaerobic digestion systems at selected farms With energy premiums dependent on multiple factors, it is difficult to derive a reliable estimate of an average price paid to the farm. Some energy companies will often supply the generation equipment to the operation. This arrangement affects the price, and data consistency. However, a typical Midwest prices for organic energy generated by farms range from 1 cent per kWh to over 3 cents per kWh. An average of 2 cents was used to evaluate the technology feasibility.
Haubenschild Farms were able to contract with their electric utility company at a premium price of $0.073 per kWh with the net benefit of selling excess energy was about $80,000 annually. They also noted that operation of the digester saved nearly $30,000 because the digester destroyed weed seeds that normally would have germinated in the fields and had to be dealt with chemically. The secondary savings realized for having the manure as more efficient fertilizer was close to $60,000 per year. They noticed that due to organic manure treatment the crops were significantly healthier compared to those treated by chemical pesticides. Further, they were able to collect and process the waste at more suitable times resulting in a significant reduction of odor contamination. Similarly, Gordondale Farms produced 876,051 kWh over a 12 month period, which generated total gross revenue of $17,521.02 while the New Horizons operation with 2 digesters in operation produced 1,500,000 kWh of electricity and earned $30,000. The net revenue at each farm was lower due to internal electricity consumption. Gordondale Farms reported earnings of $23,000 through Alliant Energy. They also have generated savings of $28,000 annually on bedding by utilizing the dry effluent digester process by-product for this purpose instead of having to purchase bedding on the market. Table 6 lists other benefits are listed as reported from the operators of the selected dairy farms.
The monetary value estimates alone cannot be confidently placed on all of the system benefits. The exact economic value of "green" farming is yet to be fully realized and documented. However, current pollution accumulation generated by many chemical applications used on farms is at a level that endangers many species, including humans. At present the costs to build and operate anaerobic digesters remain high making the digester technology investment difficult to justify particularly for small and medium size farms. The earthed lagoon solution is the cheapest to deploy yet it costs a minimum of $70,000 to purchase and setup with larger operations costing well over a million dollars. Determination and focus need to be the motto for anyone wanting to implement a digestion system. The reported primary and secondary benefits of deploying the anaerobic digestion process in farm operations are as follows:

Fertilizer Value. The nitrogen present in manure is naturally in a chemical form, which is difficult for plants to utilize. The anaerobic process breaks down the nitrogen chains into smaller particles that plant life can absorb and use more easily for fast growth and yield production.  Electricity Generation. This dimension several components. o First, it reduces the demand for electricity from fossil fuels leading to better management and preservation of natural resources (reducing strip mining, ground subsidence, mining hazards, etc.). o Second, since less coal/oil/natural gas needs to be burned in power plants, it reduces ground air and water pollution. o Third, it leads to a better diversification of energy sources and reduces national dependence on imported energy. o Fourth, as some portion of the digester-derived electrical energy is generated and consumed on farms, it reduces pressure on the capacity of the electrical power grid. o Fifth, the usage of organically generated electricity reduces dependency on the often unreliable power grid for the rural farms. o Sixth, it allows the farm operation to be more reliable and more efficient by reducing farm dependence on externally supplied electrical energy. By law any excess electricity generated on farms can be sold to the local electrical utility company. It is worth noting that the waste from only 5 cows has the capability to produce enough methane daily to generate enough electricity to operate an average household (Discover Wisconsin, 2009).  Government and Legal. Producers or eco-friendly energy can obtain tax incentives, subsidies and rebates from the Federal and State governments for implementing "green" energy generation technologies, such as manure digesters. This has become a particularly trendy theme during the tenure of the Obama Administration.  Fly and Odor Control. Manure left in the open air produces terrible odors. As the influent travels through the digester, these odors are captured. Thus, the effluent that is removed from the system has a drastic 97 percent reduction in the level of odor (Gross, 2002 This study has shown that anaerobic digesters can be effectively implemented in farm operations with 1,000 cows and smaller. Using the example of the smallest digester included in this study, the Top Deck Holsteins in Iowa, the 600 milking cows contributing to the tank produced biogas containing 60-70 percent methane. The system setup costs were approximately $500,000. We note that the project was successfully completed with collaboration between the Dairy (the energy producing business), the National Resource Conservation Service (the government entity providing grants and know-how), and Alliant Energy (the electrical utility company that purchased and distributed excess electrical energy from the farm through their grid.) Through a three-way partnership between government and the business sector the net cost to the farm was reduced. For example, the Top Deck Farm was responsible only for $93,600 or less than 20% of the total project cost. The remainder was covered by government grants and incentives.
Economy of scale issues involved in operating a dairy herd with 500 -800 cows impact the operation of a digester system significantly. With the estimated manure production of 0.11 m 3 per head per day, the removal of 100 cows means that 10.9 m 3 less manure would be produced. To keep the digester producing methane with optimal HRT (20 days), the tank size would have to be reduced, and the operation would have to deploy a smaller electrical generator. If the use and installation of the anaerobic digester was not just to produce secondary income but rather mitigate and eliminate environmental hazards, a 500 head operation would be able to support a single digester system. Another way to allow smaller farms to benefit from this technology and to provide a stable supply of manure to the system would be to encourage farmers to form a cooperative group willing to share the tangible system benefits and divide the costs of a digester system acquisition, installation, setup, and operation.
CONCLUSION
In this study we presented a study of anaerobic digesters and their implementation in agricultural settings. A growing number of farms containing large numbers of livestock bring a challenge to the environment. With "green" initiatives gaining popularity, eco-friendly handling and disposal of waste produced on farms becomes critical. Proper manure handling is crucial to acceptance in the community, and can help reduce the volume of greenhouse gasses improving quality of rural life.
We described how the use the anaerobic digestion process to produce methane to generate electricity. We also discussed how farms can use the resources they currently dispose of to fuel the digesters in an economic process that has the potential to benefit their operation and positively affect the surrounding community. Presently used manure handling practices are not the most efficient and friendly to the environment. We provided examples of how anaerobic digesters can solve this problem through heat, energy, and organic decomposition. A broad implementation of the technology requires tighter collaboration between business, university and government entities to help offset significant fixed and operational costs and to keep the environment clean. Data show that the setup and operational costs create an economic entry barrier relating to deployment of farm waste utilization technologies. Digester technology can be economically deployed on small and medium size farms when assistance from government agencies is provided to cover a portion of the technology cost. The Environmental Protection Agency (EPA) has several programs designed to help defray the initial costs of system implementation.
